Estriol (E3) is an endogenous estrogen in females with broad biological activity within diverse tissue types. In the context of certain T-cell-mediated autoimmune inflammatory diseases, E3 can ameliorate disease severity through immunomodulatory mechanisms that decrease tissue inflammation. Severe disease caused by influenza A virus (IAV) infection is also characterized by aberrant inflammation and immunopathology. How E3 might affect the pathogenesis of IAV infection, however, has not been explored. Gonadally intact female C57BL/6 mice that were treated with exogenous E3 during infection with mouse-adapted 2009 H1N1 had reduced total pulmonary inflammation and improved disease outcomes compared with females that received no hormone. Furthermore, compared with no hormone treatment, E3 treatment reduced the induction of genes associated with proinflammatory cytokine and chemokine responses in the lungs, which preceded clinical disease, reductions in innate immune cell recruitment, altered pulmonary T-cell skewing, and reduced antibody titers during IAV infection. Although E3 treatment was associated with reduced local and systemic anti-influenza adaptive immune responses, there was no effect of E3 on viral replication or clearance. Together, these data suggest that exogenous E3 confers protection during IAV infection through immunomodulatory mechanisms and that E3 may have broad therapeutic potential in the context of both infectious and noninfectious inflammatory diseases. (Endocrinology 159: 3306-3320, 2018) 
Estriol (E3) is an endogenous estrogen in females with broad biological activity within diverse tissue types. In the context of certain T-cell-mediated autoimmune inflammatory diseases, E3 can ameliorate disease severity through immunomodulatory mechanisms that decrease tissue inflammation. Severe disease caused by influenza A virus (IAV) infection is also characterized by aberrant inflammation and immunopathology. How E3 might affect the pathogenesis of IAV infection, however, has not been explored. Gonadally intact female C57BL/6 mice that were treated with exogenous E3 during infection with mouse-adapted 2009 H1N1 had reduced total pulmonary inflammation and improved disease outcomes compared with females that received no hormone. Furthermore, compared with no hormone treatment, E3 treatment reduced the induction of genes associated with proinflammatory cytokine and chemokine responses in the lungs, which preceded clinical disease, reductions in innate immune cell recruitment, altered pulmonary T-cell skewing, and reduced antibody titers during IAV infection. Although E3 treatment was associated with reduced local and systemic anti-influenza adaptive immune responses, there was no effect of E3 on viral replication or clearance. Together, these data suggest that exogenous E3 confers protection during IAV infection through immunomodulatory mechanisms and that E3 may have broad therapeutic potential in the context of both infectious and noninfectious inflammatory diseases. (Endocrinology 159: 3306-3320, 2018) E strogens are a group of reproductive hormones that influence diverse biologic processes in both males and females. Estrogens include three endogenously produced, biologically distinct compounds: estrone, estradiol (E2), and estriol (E3). Owing to their varying binding affinities for the two forms of the nuclear estrogen receptor (ER), ERa and ERb, different estrogens and estrogen combinations mediate variable downstream effects that are both concentration and tissue dependent (1) . E3 has relatively weak ER binding affinity but greater binding affinity for ERb than ERa (2) . Because E3 has reduced signaling through ERa (i.e., the dominant ER in the endometrium and glandular breast tissue), exogenous E3 is associated with a lower risk of uterine and breast cancer than E2 (3, 4) and may be preferable over E2 for long-term use. Both oral (4) and vaginal (5) formulations of E3 are available and widely marketed as hormone replacement therapies (HRTs) for reducing the symptoms of menopause in women. Although E3 is not approved by the US Food and Drug Administration for use in the United States or Canada, it is commonly included as a main component of bioidentical HRTs, which are produced and sold by compounding pharmacies and have increased in popularity throughout North America (6) . Despite its wide use in such preparations, however, current knowledge of how E3 may influence host response to infectious diseases is limited.
ERs are widely distributed throughout the body, and estrogens have biologic activity in diverse cell and tissue types. Notably, ERs are present within both innate and adaptive immune cells (7, 8) , and estrogen signaling can influence the pathogenesis of several inflammatory diseases. In autoimmune inflammatory diseases driven largely by T cells, such as rheumatoid arthritis (RA) and multiple sclerosis (MS), estrogens are protective (7, 8) . In animal models of RA, E2-mediated protection is associated with decreased levels of anti-type II collagen antibodies and dampened T-cell proliferation (9) . Similarly, in the experimental autoimmune encephalomyelitis (EAE) mouse model of MS, estrogens decrease disease severity by reducing overall inflammatory cell recruitment to the central nervous system (CNS) by reducing the frequency of TNF-producing cells and polarizing resident immune cells toward T helper type 2 (Th2) and tolerogenic phenotypes (10) (11) (12) (13) . Most recently, the neuroprotective and immunomodulatory effects of E3 have been tested in humans, with oral formulations of E3 showing therapeutic promise in phase II clinical trials by reducing relapses of relapsingremitting MS in women (14) .
Despite the therapeutic potential of E3 for diverse inflammatory disease, little is known of its biologic activity outside of reproductive tissues and the CNS. Furthermore, there are no reports that characterize the role of E3 in the context of infection. Similar to the pathogenesis of RA and MS, pulmonary disease following infection with influenza A virus (IAV) is caused by excessive and aberrant inflammatory responses to the virus, primarily driven by T cells, which leads to immunopathology and tissue damage (15) . Effective therapies for limiting severe pulmonary disease following IAV infection include prostaglandins (16) and sphingosine analogs (17) , which are aimed at limiting the "cytokine storm" and pulmonary inflammation in addition to controlling viral replication. Furthermore, there is a well-established, albeit poorly understood, bidirectional link between MS and respiratory tract infection, including IAV. Respiratory infections account for a large proportion of deaths of humans with MS (18) , and in an EAE mouse model, IAV infection can trigger and exacerbate neuroinflammation and disease (19, 20) . Similarly, in mice, the induction of EAE can increase IAV mortality (21) , suggesting that there may be shared mechanisms of disease. It is, therefore, plausible that an effective treatment against one condition might be mutually beneficial for the other.
Treatment with E2 during IAV infection of mice is protective, and exogenous E2 given to ovariectomized female C57BL/6 mice improved survival during lethal IAV infection by decreasing proinflammatory cytokines and chemokines in the lungs and increasing the recruitment of pulmonary neutrophils (22, 23) . In the current study, we sought to characterize the effects of E3 in the respiratory tract following infection with a sublethal dose of a mouse-adapted 2009 H1N1 IAV. Exogenous E3 treatment of either female or male mice significantly improved the outcome of IAV infection. Furthermore, similar to its role in the CNS, E3 significantly reduced the transcriptional activity of genes associated with proinflammatory cytokines and chemokines during early IAV infection of the respiratory tract, which was associated with reduced recruitment of immune cells into the lungs. Reduced pulmonary inflammation in E3-treated mice correlated with improved pulmonary function and reduced morbidity and clinical disease. E3 treatment, however, did not alter the kinetics of virus replication and clearance, suggesting that E3-treated animals maintained sufficient antiviral immunity despite reduced overall inflammation. Together, these data describe a therapeutic use for E3 in mediating protection against an inflammation-mediated, infectious disease in the respiratory tract.
Materials and Methods

Animals, hormone treatments, and virus infections
Adult (7 to 9 weeks old) female and male C57BL/6 mice were purchased from Charles River Laboratories (Frederick, MD). All animals remained gonad intact for translation to humans, in which exogenous hormone treatments would be administered to gonad-intact individuals, with exogenous sex steroids shutting down endogenous reproductive hormone production and activity through negative feedback mechanisms. Mice were housed five animals per cage under standard Biological Safety Level 2 housing condition with food and water ad libitum. All animal procedures were approved by the Johns Hopkins University Animal Care and Use Committee under animal protocol M015H236. Mice were anesthetized with a ketamine (100 mg/kg) and xylazine (10 mg/kg) cocktail, and pellets (21-day release; Innovative Research of America, Sarasota, FL) containing E2 (15 mg), E3 (5 mg), combined E2 + E3, or placebo (cholesterol) were implanted subcutaneously in between the shoulder blades. These doses of E2 and E3 are reported to increase circulating concentrations to levels comparable to pregnant mice (10) . Immediately following pellet implantation, anesthetized mice were infected with a mouseadapted IAV, A/California/04/09 [ma2009 H1N1; generated by Dr. Andrew Pekosz (The Johns Hopkins Bloomberg School of Public Health, Baltimore, MD) from a published sequence (24) ] or a vehicle (mock) control. Mice were inoculated intranasally with 10 tissue culture infectious dose 50 (TCID 50 ) units of ma2009 H1N1 suspended in 30 mL DMEM or mockinfected with 30 mL DMEM alone. Mice were monitored daily for changes in body weight as a surrogate of morbidity. The change in body weight for each animal was calculated as a percentage of its weight at the time of infection. At select time points, a clinical score was calculated for each animal based on a 4-point scale for hunched posture, piloerection, dyspnea, and lack of an escape response, as previously described (25) . The cumulative score from these parameters represents the clinical score for each animal.
Hormone measurements
Approximately 300 to 500 mL plasma was obtained from heparinized blood collected via cardiac puncture at euthanasia, and samples were stored at 280°C. Steroid hormones were extracted from plasma using a liquid-liquid extraction method. Briefly, plasma samples were mixed with methyl-tert-butylether at a 5:1 solvent/sample ratio. The solvent layer was allowed to separate for 5 minutes, then transferred into a clean tube and evaporated to dryness in a fume hood overnight. The extracted hormone was suspended in 500 mL assay buffer and vortexed. The concentrations of E2 and E3 were quantified by competitive immunoassay (Enzo Life Sciences, Farmingdale, NY), according to the manufacturer's instructions.
Tissue harvesting and processing of whole lung
Lungs were homogenized in 500 mL sterile PBS using Lysing Matrix D tubes (MP Biomedical, Santa Ana, CA) in an MP Fast-prep 24 5G instrument. Supernatants from lung homogenates were stored at 280°C. Total RNA was extracted from the remaining tissue homogenate using the RNeasy Lipid Tissue Mini Kit (Qiagen, Germantown, MD), according to the manufacturer's instructions.
Quantification of infectious virus titers
Infectious virus was measured from lung homogenate supernatants by a TCID 50 assay, as previously described (24) . Briefly, 10-fold dilutions of lung homogenate supernatants were plated onto a monolayer of Madin-Darby canine kidney cells in replicates of 6 for 6 days at 32°C. Cells were stained with naphthol blue black (Sigma-Aldrich, St. Louis, MO) and scored for cytopathic effects. The TCID 50 titer was calculated according to the Reed-Muench method.
Histopathology
Following euthanasia, the left bronchus was ligated, and the left lung lobe was removed. The right lung lobes were then inflated with zinc-buffered formalin (Z-fix; Anatech, Battle Creek, MI) delivered for 2 minutes at a fixed pressure (25 cmH 2 O). The trachea was tied under pressure and the lungs dissected free and placed in fixative for 48 hours. Tissues were subsequently embedded in paraffin, cut into 5-mm sections, and mounted on glass slides. Slides were stained with hematoxylin and eosin and used to evaluate lung inflammation. Histopathological scoring was performed by a single blinded observer using a 0 to 3 scale (0, no inflammation; 1, mild inflammation; 2, moderate inflammation; and 3, severe inflammation) for bronchiolitis, perivasculitis, alveolitis, and edema, as previously described (26) . The sum of these parameters represents the cumulative inflammation score. Images were taken using a Nikon Eclipse E800 camera.
Fluorescence-activated cell sorting and RNA extraction CD45+ and CD452 cell populations were sorted from whole lungs by fluorescence-activated cell sorting. Briefly, lungs were excised following a dispase-agarose infusion, and single-cell suspensions were generated following serial filtration and red blood cell lysis, as previously described (27) . The total numbers of viable cells were determined using a hemocytometer and trypan blue (Invitrogen, Carlsbad, CA) exclusion. The cell suspensions were treated with anti-CD16/32 (BD Biosciences, Franklin Lakes, NJ) and subsequently stained with anti-CD45-PE-Cy7 (clone 30-F11; eBiosciences, San Diego, CA) (28) and propidium iodide. Live cells (propidium iodide negative) were sorted using a MoFlo cell sorter (Beckman Coulter, Pasadena, CA) based on CD45 expression into DMEM. A minimum of 10 6 cells of each population was collected from each animal. RNA was immediately isolated from cell pellets using the RNeasy Mini Kit (Qiagen), according to the manufacturer's instructions.
Analysis of proinflammatory gene expression
Total RNA isolated from either whole lung or sorted CD452 and CD45+ cell populations was quantified using a nanodrop spectrophotometer, and cDNA was prepared with the RT 2 First Strand Kit (Qiagen) using 1 mg input RNA and the manufacturer's instructions. Quantitative PCR for 84 genes was performed using the Mouse Inflammatory Response and Autoimmunity RT 2 Profiler PCR Array (Qiagen), according to the manufacturer's instructions. All reactions were run on the StepOnePlus Applied Biosystems Real-time PCR machine under the following conditions: 95°C for 10 minutes, 95°C for 15 seconds, and 60°C for 1 minute for 40 cycles. Relative gene expression levels were determined by normalizing the target gene threshold cycle (CT) value to the CT value of the endogenous housekeeping gene, Hsp90ab1 (ΔCT), and then normalizing the ΔCT value of infected animals to the average ΔCT value of the respective mock-inoculated controls (ΔΔCT).
Flow cytometry
Lungs were excised and single-cell suspensions were generated following red blood cell lysis. The total numbers of viable cells were determined using a hemocytometer and trypan blue (Invitrogen) exclusion, and the cells were suspended at 1 3 10 6 cells/mL in RPMI 1640 (Cellgro) supplemented with 10% fetal bovine serum (Thermo Fisher Scientific, Waltham, MA) and 1% penicillin-streptomycin. T cells were stimulated ex vivo with influenza peptide (CD8: NP 366-374 or CD4: NP 311-325 ) (ProImmune, Sarasota, FL) in media containing Brefeldin A (GolgiPlug; BD Biosciences) for 5 hours at 37°C. Fc receptors were blocked using anti-CD16/32 (clone 2.4G2; BD Biosciences; catalog no. 553141) (29). Leukocyte populations were stained with the following antibodies (eBiosciences): CD45-PECy7 (clone 30-F11; Thermo Fisher Scientific; catalog no. 25-0451) (28), CD3-APC (clone 17A2; Thermo Fisher Scientific; catalog no.17-0032-82) (30), CD4-PerCP-Cy5.5 (clone RM4-5; Thermo Fisher Scientific; catalog no. A14785) (31), CD8-AF700 (clone 53-6.7; Thermo Fisher Scientific; catalog no. 56-0081-82) (32), CD11b-PerCP-Cy5.5 (clone M1/70; Thermo Fisher Scientific; catalog no. 45-0112-80) (33), CD11c-APC (clone N418; Thermo Fisher Scientific; catalog no. 17-0114-81) (34), Ly6G-FITC (clone Gr-1; Thermo Fisher Scientific; catalog no. 11-5931-81) (35), and PE-conjugated tetramer for ma2009 (ASNENVETM; NIH Tetramer Core Facility). The cells were fixed and permeabilized using the Cytofix/Cytoperm kit (BD Biosciences) and subsequently stained for interferon g (IFNg)-Pacific Blue (clone XMG1.2; Thermo Fisher Scientific; catalog no. 48-7311-80) (36) and IL-4-PE (clone 11B11; Thermo Fisher Scientific; catalog no. 12-7041-71) (37). Intracellular staining with Foxp3-PE (clone MF23; BD Biosciences; catalog no. 560408) (38) was performed following fixation and permeabilization with the Transcription Factor Staining Buffer Set (eBiosciences). The viability of cells was determined by use of a fixable Live/Dead aqua viability dye (Invitrogen). Data were acquired using a Fortessa fluorescence-activated cell sorter (with FACSDiva software) and analyzed using FlowJo (v.10) software (Tree Star, Inc., Ashland, OR). Total cell counts were determined based on the percentages of live cells in the live-cell gate multiplied by the total live-cell counts acquired prior to staining by the trypan blue exclusion counts obtained on a hemocytometer.
Anti-influenza ELISA
ELISA plates (Microlon 96-well high-binding plates; Greiner Bio-One) were coated with 100 ng purified IAV overnight at 4°C in carbonate buffer (pH 9.6). For total IgG and IgG isotype ELISAs, the plates were washed three times with 13 PBS plus 0.1% Tween 20 and blocked for at least 1 hour at 37°C with 10% dry milk powder in 13 PBS. The plates were washed three times prior to the addition of serially diluted serum, and they were incubated for 1 hour at 37°C. The plates were then washed three more times, and the secondary antibody was added as follows: anti-mouse horseradish peroxidase (HRP) conjugated secondary IgG (1:250; Thermo Fisher Scientific), anti-mouse HRP IgG2c (1:20,000; Thermo Fisher Scientific), or anti-mouse HRP IgG1 (1:6000, Thermo Fisher Scientific) was added, and the plates were incubated for 1 hour at 37°C. The plates were washed three times with 13 PBS plus 0.1% Tween 20, and the reactions were developed with tetramethylbensidine (BD Biosciences) and subsequently stopped with 1 N HCl. The absorbance at 450 nm was read on a plate reader. To determine the antibody titer, a cutoff value was determined by multiplying the average optical density values for the negative controls at each dilution by 3, and the titer for the sample was calculated as the highest serum dilution with an optical density value above the cutoff.
Microneutralization assay
Serially diluted serum was mixed with 100 TCID 50 units of IAV suspended in DMEM for 1 hour at room temperature. The serum-virus mixture was used to infect confluent Madin-Darby canine kidney cells for 24 hours at 37°C. All infections were performed in quadruplicate on flat-bottom 96-well plates. After 16 to 18 hours of incubation, the inoculum was removed, the cells were washed with 13 PBS (with calcium and magnesium), and fresh DMEM was added. The cells were incubated for 6 days at 32°C and then fixed with 4% formaldehyde and stained with naphthol blue black for at least 6 hours. The infectious virus titer was calculated as the highest serum dilution that eliminated virus cytopathic effects in 50% (i.e., two of four wells) per dilution.
Statistical analyses
Longitudinal morbidity measures, including body weight and clinical score data, were analyzed with repeated-measures twoway ANOVAs. Other longitudinal measures with unmatched samples, including virus titers, pulmonary inflammation, and the kinetic flow cytometry data (i.e., total CD11b+ cells, neutrophils, eosinophils, alveolar macrophages, monocytes/macrophages, and total CD3+ T cells), were analyzed using unmatched twoway ANOVAs with Bonferroni post hoc correction for multiple comparisons. Single time point analyses, including T-cell phenotyping and antibody titers, were analyzed using Student t tests. PCR array data were analyzed using multiple t tests, where P values were corrected for a false discovery rate of 5%. Mean differences were considered statistically significant if the corrected P , 0.05. All statistical analyses were performed using GraphPad Prism 7 software (GraphPad Software, La Jolla, CA).
Results
E3 improves the outcome of IAV infection in female mice
To determine the effect of exogenous E3 treatment on the pathogenesis of IAV infection, pellets containing either E3 or cholesterol (placebo) were implanted subcutaneously into adult female C57BL/6 mice. Following implantation, these pellets continuously released hormone into the circulation, and this dose of E3 significantly increased concentrations of plasma E3 but had no effect on concentrations of plasma E2 (Fig. 1a) . Following pellet implantation, mice were intranasally inoculated with either ma2009 H1N1 IAV or vehicle control and monitored for changes in body weight and evidence of clinical disease. In placebo-treated females, IAV infection resulted in significant body weight loss, characterized by a ;15% reduction from baseline to 8 days postinoculation (dpi). In contrast, E3-treated females did not experience any significant change in body weight compared with their respective mock-infected controls, and they maintained body weight at or above baseline levels throughout the course of infection (Fig. 1b) . Furthermore, clinical IAVassociated disease-defined by alterations in breathing, posture, and activity-which was evident at 8 and 11 dpi, was significantly reduced in E3-treated compared with placebo-treated females (Fig. 1c) . To compare the effects of E3 with those of E2, the predominant circulating estrogen in cycling females (2), female mice were treated with pellets containing E2, a combination of E2 and E3, or cholesterol (placebo). Similar to the effects of E3 alone, both E2 and the combined E2 + E3 treatment resulted in significant clinical protection during IAV infection. Compared with placebo-treated controls, both E2 and combined E2 + E3 protected against clinical disease (Fig. 1c) and body weight loss (Fig. 1d) , but the protective effects of treatment with E3 alone were greater than those of either E2 or combined E2 + E3. Because the therapeutic benefit of E3 in ameliorating disease in the EAE mouse model has also been demonstrated in males (10, 11), we evaluated the efficacy of E3 treatment of IAV-infected male mice. Similar to the phenotype observed for females, E3 conferred significant protection against clinical disease and body weight loss in males (Fig. 1e and 1f) , suggesting that E3 mediates effects independent of biological sex.
E3 decreases pulmonary inflammation during IAV infection
To determine if the protective effects of E3 were related to altered IAV replication, infectious viral titers were quantified in lung tissue at select time points following infection. Despite significant differences in clinical disease between placebo-and E3-treated females (Fig. 1b  and 1c ), there were no differences in virus replication Figure 1 . Treatment of female mice with exogenous E3 improves the outcome of influenza. Female or male C57BL/6 mice received a subcutaneous implant containing either 5 mg E3, 15 mg E2, combined E2 and E3, or a placebo (cholesterol) control. (a) Serum estrogens, including E2 and E3, were measured from E3-and placebo-treated females 8 dpi by ELISA (n = 5 animals per treatment). (b) Placebo-and E3-treated female mice were infected with a sublethal dose of IAV or vehicle (mock) and monitored over the course of infection for the percent change in body weight (n = 10 to 15 animals per treatment). Placebo-and estrogen-treated female mice (n = 5 to 15 animals per treatment) were infected with a sublethal dose of IAV or vehicle (mock) and monitored over (c) the course of infection for clinical disease and (d) the percent change in body weight. Placebo-and E3-treated male mice (n = 5 animals per treatment) were infected with a sublethal dose of IAV or vehicle (mock) and monitored over (e) the course of infection for clinical disease and (f) the percent change in body weight. Bars represent the mean and SEM. ELISA data were analyzed using Student t tests, and body weight and clinical score data were analyzed using matched two-way ANOVAs with Bonferroni post hoc correction, with *P , 0.05. ns, nonsignificant.
kinetics. Regardless of hormone treatment, infectious virus titers peaked at 5 dpi and were cleared by 14 dpi (Fig. 2a) . To determine if reduced influenza severity in E3-treated females was instead due to differences in pulmonary inflammation, total pulmonary CD45+ leukocytes were quantified by flow cytometry. Corresponding with peak clinical disease (Fig. 1b and 1c) , frequencies of total pulmonary leukocytes were greatest at 8 dpi but were significantly lower in the lungs of E3-treated compared with placebo-treated females (Fig. 2b) . Congruent with total inflammatory cell numbers, the histologic distribution (Fig. 2c) and severity (Fig. 2d) of pulmonary inflammation was also greater at 8 dpi than either 5 (before peak disease) or 14 (after peak disease) dpi. However, at 5 and 8 dpi, the severity of inflammation was significantly reduced in E3-treated females, which was characterized primarily by reduced perivasculitis and bronchiolitis compared with placebotreated females ( Fig. 2d and 2e ).
E3 reduces proinflammatory transcriptional activity in the lung during IAV infection
Reduced pulmonary inflammation following IAV infection may be the result of reduced immune cell recruitment and/or accelerated immune cell egress from the lungs. Because the differences in pulmonary inflammation and total pulmonary leukocytes between placeboand E3-treated females were observed prior to and during peak disease (i.e., 5 and 8 dpi, respectively) (Fig. 2) , we hypothesized that E3 may play a larger role in dampening immune cell recruitment through reduced induction of pulmonary chemotactic signals. To test this hypothesis, the relative expression of 84 inflammatory genes in whole lung tissue was compared between placeboand E3-treated females at 5 and 8 dpi. Following IAV infection, there was an overall greater induction of inflammatory gene expression in placebo-treated compared with E3-treated females at both 5 and 8 dpi (Fig. 3a and Supplemental Table 1 ). At 5 dpi, 36 genes, including genes that code for CC chemokines and receptors (Fig. 3b) , CXC chemokines and receptors (Fig. 3c) , interleukins and receptors (Fig. 3d) , Toll-like receptors (Fig. 3e) , TNF superfamily genes (Fig. 3f) , adhesion molecules (Fig. 3g) , and IFNg (Fig. 3h) , were significantly induced (i.e., greater than fourfold over mock) by IAV infection. Of these 36 genes, 35 were induced in placebotreated females, whereas only 10 were induced in E3-treated females (Fig. 3b-3h and Supplemental Table 1 ). Only one gene, Ccl22, was induced in E3-treated females but not in placebo-treated females (Fig. 3b) , and all but three genes (Ccl12, Ccl22, and Il10) were differentially regulated between placebo-and E3-treated females (Fig. 3b-3h) . At 8 dpi, 42 genes were significantly induced (i.e., greater than fourfold over mock) in placebotreated females, whereas only 24 genes were similarly induced in E3-treated females, including 2 genes, Ccl19 and Ccl22, that were not induced in placebo-treated females (Supplemental Table 1 ). Together, these data suggest that E3 treatment during IAV infection was associated with an overall global reduction of inflammatory gene expression in the lungs.
Cells from both hematopoietic and nonhematopoietic lineages are responsible for the production of proinflammatory cytokines and chemokines, which propagate immune cell recruitment and shape the overall immunologic milieu in the lungs. To differentiate the transcriptional activity of the resident nonhematopoietic (i.e., epithelial, endothelial, and mesenchymal) cells from the activity of the resident and recruited hematopoietic cells (i.e., leukocytes), the transcriptional profiles of CD452 (i.e., nonhematopoietic) and CD45+ (i.e., hematopoietic) cells isolated from lungs at 5 dpi were compared. IAV infection of both placebo-and E3-treated females resulted in differential expression of inflammatory genes in CD452 compared with CD45+ cells (Fig. 4a) . Most genes (22 of 36) were more highly expressed in CD45+ cells, whereas a minority of genes (4 of 36) were more highly expressed in CD452 cells (Fig. 4b and Supplemental Table 1 ). Furthermore, select genes were identified that were differentially regulated by E3 treatment: within CD452 cells, Tnf was induced to a greater degree in placebo-treated females, whereas Cxcl1 was induced to a greater degree in E3-treated females; within CD45+ cells, Tlr9 was induced to a greater degree in placebotreated females, whereas Ccl22 was induced to a greater degree in E3-treated females. A portion of genes (10 of 30) was similarly expressed in both CD452 and CD45+ cells at 5 dpi, and within this subset, six genes were identified to be dichotomously regulated by E3 treatment in CD452 compared with CD45+ cells. For example, although E3 treatment did not alter Cxcl9 induction within CD452 cells, it significantly reduced Cxcl9 induction in CD45+ cells. In contrast, Cxcl11 induction was not altered by E3 treatment in CD45+ cells, but it was significantly reduced by E3 treatment in CD452 cells (Fig. 4b) . Together, these data suggest that E3 signals through diverse cell types within the lung and can have differential and sometimes opposing effects on gene regulation within different cell populations.
E3 reduces pulmonary immune cell recruitment and polarizes pulmonary T cells during IAV infection
Proinflammatory cytokine and chemokine expression profiles can influence the character, magnitude, and kinetics of the local inflammatory response. To determine whether E3 altered pulmonary immune cell recruitment during IAV infection, immunophenotyping of lungs from placebo-and E3-treated females was conducted using flow cytometry at 0, 5, 8, and 14 dpi. Total CD45+ leukocytes (Fig. 2b) were broadly stratified into CD11b+ myeloid cells (including monocytes/macrophages, neutrophils, and eosinophils) and CD3+ T cells, respectively. In both placebo-and E3-treated females, CD11b+ myeloid cells were increased as early as 5 dpi and remained Figure 2 . E3 treatment during influenza decreases pulmonary inflammation without altering viral replication or clearance. Female C57BL/6 mice received a subcutaneous implant containing either 5 mg E3 or a placebo (cholesterol) control, followed by infection with a sublethal dose of IAV. (a) At select dpi, mice were euthanized and infectious virus titers were quantified from lung homogenates by TCID 50 assay (n = 5 to 10 animals per treatment per timepoint). (b) Total pulmonary CD45+ leukocytes were quantified by flow cytometry. (c) Total pulmonary inflammation and (d) the percentage of the lesioned area were quantified from hematoxylin and eosin-stained fixed lung tissue from both placebo-and E3-treated females (n = 5 to 8 animals per treatment per timepoint). Pulmonary inflammation was assessed using a 0 to 3 scoring system for perivasculitis, bronchiolitis, alveolitis, and edema, where (c) the sum of each score is presented, and (d) the percentage of the lesioned area within each lung section was calculated using ImageJ software. (e) Representative photomicrographs from lung tissue collected at 8 dpi from both placebo-and E3-treated females (magnification: top images, 34; bottom images, 320), demonstrating perivasculitis (arrow), bronchiolitis (arrowhead), and alveolitis/edema (asterisk). Bars represent the mean and SEM. All data were analyzed using two-way ANOVAs with Bonferroni post hoc correction, with *P , 0.05 between treatment groups and # P , 0.05 within a treatment compared with baseline. LOD, limit of detection.
significantly elevated at 8 dpi before returning to baseline at 14 dpi (Fig. 5a) . Recruitment of pulmonary CD3+ T cells occurred later, with total numbers peaking 8 dpi in both placebo-and E3-treated females and remaining elevated at 14 dpi in placebo-treated but not E3-treated females (Fig. 5b) . Although the kinetics of pulmonary CD11b+ and CD3+ immune cells were similar for both treatment groups, the magnitude of the response was significantly reduced in E3-treated compared with placebo-treated females (Fig. 5a and 5b) . When evaluating the relative proportions of pulmonary CD45+ leukocytes, CD11b+ leukocytes represented a significantly greater percentage of cells in E3-treated compared with placebo-treated females at baseline (0 dpi), but the proportions were similar at all time points following infection (Fig. 5c ). Further characterization of CD11b+ immune cells (39) (Fig. 5d) revealed greater frequencies and percentages of Ly6G+ neutrophils in E3-treated compared with placebo-treated females at baseline (0 dpi) but reduced numbers in E3-treated compared with placebo-treated females at 8 dpi (two-way ANOVA, interaction, P = 0.0007) (Fig. 5e and 5f ). Eosinophils were increased in the lungs at 8 dpi in both E3-and placebo-treated females compared with baseline (0 dpi) and remained elevated at 14 dpi in placebo-treated females but not in E3-treated females (Fig. 5g) . Pulmonary Figure 3 . E3 decreases the induction of proinflammatory gene expression in the lungs prior to the onset of influenza-associated disease. Female C57BL/6 mice received a subcutaneous implant containing either 5 mg E3 or a placebo (cholesterol) control, followed by infection with a sublethal dose of IAV or vehicle (mock). At 5 dpi, mice were euthanized, and quantitative PCR was performed on RNA extracted from whole lung homogenates. (a) The heat map represents the log 2 fold change in gene expression relative to respective mock-inoculated controls for both placebo-and E3-treated female mice (n = 4 animals per treatment). Relative induction of (b) CC chemokines and receptors, (c) CXC chemokines and receptors, (d) interleukins and receptors, (e) Toll-like receptors, (f) TNF superfamily genes, (g) adhesion molecules, and (h) IFNg was compared between placebo-and E3-treated females. Data were analyzed using multiple t tests, corrected for a false discovery rate of 5%, with *P , 0.05 (adjusted).
monocytes and macrophages represented the largest fraction of CD11b+ cells both prior to and during IAV infection (Fig. 5e) , and cell frequencies were significantly lower in E3-treated compared with placebo-treated females at both 5 and 8 dpi (Fig. 5h) .
Polarization of adaptive immune responses following IAV infection can be a significant determinant of disease pathogenesis and recovery (40, 41) . To determine how E3 treatment and the associated inflammatory gene profile modified the local adaptive immune responses, pulmonary T cells from both placebo-treated and E3-treated females at 8 dpi [i.e., during peak disease (Fig. 1b) and peak CD3+ T-cell recruitment (Fig. 5b) ] were further characterized following ex vivo stimulation with influenza peptide. Stratification of CD3+ T cells into CD4+ and CD8+ compartments at 8 dpi revealed significantly reduced total numbers of CD8+ T cells but similar total numbers of CD4+ T cells, which contributed to an increased CD4/CD8 T-cell ratio in E3-treated compared with placebo-treated females (Fig. 6a and 6b) . Correspondingly, influenza-specific (NP+) CD8+ T cells were also reduced in E3-treated compared with placebo-treated females at 8 dpi (Fig. 6c) .
In the context of EAE, treatment with estrogens has been associated with polarization of T-cell responses toward Th2 (42) and T regulatory (Treg) (43) phenotypes, which corresponds with reduced disease severity. Following IAV infection, E3 treatment resulted in a similar skewing of CD4+ T cells, and both the percentage (Fig. 6d) and ratio (Fig. 6e ) of Th2 and Treg compared with proinflammatory T helper type 1 cells in the lungs at 8 dpi were increased. The reduced numbers of CD8+ T cells in the lungs of E3-treated females mirrored the systemic humoral responses, where E3 treatment similarly reduced both total anti-2009 H1N1 IgG and neutralizing antibody titers ( Fig. 6f and 6g) . Evaluation of anti-2009 H1N1 IgG isotypes, however, revealed a proportionate reduction of both IgG1 and IgG2a/c titers, with an equal ratio of IgG1/IgG2a/c in both placebo-and E3-treated females (Fig. 2h-2j) , which suggests that skewing of adaptive immune responses in response to E3 treatment may be tissue specific.
Discussion
The host response to IAV infection is based on the timing, magnitude, and character of the inflammatory response. Although innate antiviral and virus-specific adaptive immune responses are required for IAV recognition and clearance, excessive or persistent inflammatory responses can exacerbate disease indirectly through inflammationmediated tissue damage (15, 44, 45) . In uncomplicated cases of influenza, disease severity is most closely related to the early cytokine release, termed the "cytokine storm," rather than tissue viral burden (46, 47) . Concordant with this, novel therapeutic strategies for combatting severe influenza are focused on the development Figure 4 . E3 differentially regulates proinflammatory gene expression in hematopoietic and nonhematopoietic cells in the lung during influenza. Female C57BL/6 mice received a subcutaneous implant containing either 5 mg E3 or a placebo (cholesterol) control, followed by infection with a sublethal dose of IAV or vehicle (mock). At 5 dpi, mice were euthanized, and CD452 and CD45+ cells were isolated using fluorescenceactivated cell sorting from the lungs. Quantitative PCR was performed on RNA extracted from sorted cell populations. (a) The heat map represents the log 2 fold change in gene expression relative to whole lung from respective mock-inoculated controls for both placebo-and E3-treated female mice (n = 3 to 4 animals per treatment). (b) The Venn diagram shows the number of genes that were differentially expressed between CD452 and CD45+ cell populations at 5 dpi and, within those categories, the number of genes that were differentially expressed between placebo-and E3-treated females. The graphs show the gene induction (relative to respective mock-inoculated controls) at 5 dpi in CD452 and/or CD45+ cell populations. All data were analyzed using multiple t tests, corrected for a false discovery rate of 5%, with *P , 0.05 (corrected).
of compounds that decrease pulmonary inflammation without interfering with virus control and clearance (48) . In the current study, we demonstrated that E3 treatment of both female and male mice conferred significant protection during infection with ma2009 H1N1 IAV. Clinical protection in females was characterized by early mitigation of pulmonary inflammation and corresponding abatement of systemic disease. Furthermore, E3-mediated clinical protection was associated with broad reductions in the induction of transcriptional activity of genes coding for cytokines and chemokines in both hematopoietic and nonhematopoietic cells in the lungs. Moreover, these transcriptional changes corresponded with reduced pulmonary recruitment of both innate and adaptive immune cells, as well as a skewing of pulmonary CD4+ T-cell responses toward Th2 and Treg phenotypes. The reduced inflammatory responses associated with E3 treatment, however, were not associated with differences in the kinetics of viral replication, suggesting that sufficient pulmonary immune responses were maintained to clear the infection.
In both humans and mice, different types of estrogens bind with different affinities to ERs, which underlie their variable downstream effects. Estrogenic activity within a given tissue or cell type is complex and depends on the type and concentration of estrogen, the type of receptor, and the presence of regulatory proteins, including coactivators and corepressors that bind the ER complex. Compared with E2, E3 is a relatively weak estrogen, with higher binding affinity for ERb than ERa. Unlike other types of estrogens, E3 cannot be converted into E2 (49) , and therefore, the effects of exogenous E3 treatment can be attributed to the effects of E3 alone. Treatment of female mice with either E2 or E3 revealed that E3 treatment alone conferred the greatest protection against IAV-associated disease. This finding corroborates those from similar studies of the role of estrogens in protecting against EAE, where E3 is more protective than E2 in female mice (10) . The observation that E3 treatment alone was still more protective than combined E2 + E3 treatment suggests that E2 may even inhibit the effects of E3 through competitive receptor binding (50) or crossmodulation of ER complexes (51) . It is also possible that the phenotype observed following treatment with E2 and E2 + E3 was the result of differences in dose, as biphasic dose effects of E2 and E3 have been reported in the context of human T-cell responses (52) . Thus, high doses of estrogens in mice may similarly oppose some of the protective effects observed at lower doses. E3 also conferred protective effects in males during IAV infection, Figure 5 . E3 alters the baseline pulmonary immune cell profile and reduces immune cell recruitment during influenza. Female C57BL/6 mice received a subcutaneous implant containing either 5 mg E3 or a placebo (cholesterol) control, followed by infection with a sublethal dose of IAV or vehicle (mock). At select dpi, mice were euthanized and pulmonary immune cells were profiled using flow cytometry (n = 5 to 10 animals per treatment per timepoint). CD11b and CD3 surface markers were used to quantify (a) total myeloid and (b) T-cell populations, respectively, as well as their percentages within (c) total CD45+ leukocytes. Additional surface markers were used to further stratify CD11b+ myeloid cells into neutrophils, eosinophils, and monocyte/macrophage lineages, with (d) a sample gating schematic shown. The (e) percentages and the total numbers of (f) neutrophils, (g) eosinophils, and (h) monocyte/macrophages were quantified based on total CD45+ cells over the course of infection. All data were analyzed using two-way ANOVAs with Bonferroni post hoc correction, with *P , 0.05 between treatment groups and where suggesting that because males also express ERs, they can respond similarly to exogenous estrogen treatment. This is consistent with reports of exogenous estrogen treatment mediating protection against EAE in male mice (10, 12) and suggests that the protective effects of E3 in the lungs are independent of biological sex.
In the EAE mouse model, estrogens, including E2 and E3, confer clinical protection by reducing inflammation of the CNS. Specifically, estrogen treatment decreases TNF-a and chemokine ligands and receptors both locally and systemically to reduce immune cell recruitment to the CNS (11, 53 ). In the current study, E3 administered during IAV infection reduced pulmonary cytokine and chemokine induction prior to the onset of clinical disease, suggesting that the corresponding reduction in pulmonary inflammation in E3-treated females may be due to reduced immune cell recruitment rather than increased resolution of pulmonary inflammation. One important question that remains is if and how the timing and kinetics of E3 dosing may influence the inflammatory response to IAV. In the present studies, E3 administration corresponded with infection; however, this is unlikely to be the case in a clinical setting. Instead, patients are more likely to have been exposed to E3 as a component of HRT or other therapy prior to IAV infection. Our pulmonary immunophenotyping data from uninfected animals show Figure 6 . E3 alters the pulmonary T-cell profile and polarizes T-cell responses during influenza. Female C57BL/6 mice received a subcutaneous implant containing either 5 mg E3 or a placebo (cholesterol) control, followed by infection with a sublethal dose of IAV or vehicle (mock). At 8 dpi, mice were euthanized and pulmonary T cells were profiled using flow cytometry following ex vivo stimulation with IAV peptide (n = 5 to 10 animals per treatment). The (a) total numbers and (b) ratio of CD4+ and CD8+ T cells, as well as (c) the total numbers of tetramer (NP)+ CD8+ T cells, were quantified from the lungs of placebo-and E3-treated females. Pulmonary CD4+ T cells that were stimulated ex vivo with IAV peptide were phenotyped by intracellular staining for cytokines and transcription factors, where the production of IFNg, IL-4, and FoxP3 identified T helper type 1 (Th1), Th2, and Treg populations, respectively. The (d) percentages and (e) ratios were quantified from total CD4+ cells. At 14 dpi, serum was collected for measurement of total (f) anti-IAV IgG and (g) neutralizing antibody responses by ELISA and microneutralization assays, respectively (n = 4 to 5 animals per treatment). The serum titers for anti-IAV IgG subtypes, (h) IgG2a/c and (i) IgG1, were also measured by ELISA, and (j) the ratios of IgG2a/c/IgG1 are shown. All data were analyzed using Student t tests, with *P , 0.05. that E3 alone can alter the pulmonary immune profile, which suggests that individuals receiving long-term E3 therapy may be "primed" to respond differently to certain respiratory insults. Additional studies are, therefore, warranted to determine how E3 pretreatment or dynamic E3 dosing kinetics may differentially affect response to IAV infection. In the same vein, studies to determine how quickly following IAV infection E3 needs to be administered to confer clinical protection will be informative for evaluating E3 as a candidate IAV therapeutic.
Similar to other estrogens, E3 can influence gene transcription through both direct genomic and indirect nongenomic mechanisms. The direct effects of estrogens are dependent on the presence of specific sequences in gene promoters, termed "estrogen-responsive elements" (EREs). Binding of ER complexes on EREs can either induce or repress transcription, based on the presence of other transcription factors and other upstream regulatory proteins. One important inflammatory mediator that is known to contain EREs in its promoter is TNF, and in human monocytic U937 cells, genomic binding of the E2-ER complex can either activate or repress TNF transcription, depending on the presence of other regulatory proteins (54) . In the context of IAV, TNF is produced early during infection and is central to the influenza cytokine storm. In both humans (15, 55) and mice (56, 57) , TNF has been associated with heightened disease severity following infection with highly pathogenic IAVs. Similar to humans, Tnf was induced during early IAV infection in female mice, and this induction was significantly blunted by treatment with E3. This corroborates evidence from similar studies showing that E2 reduced TNF protein during both IAV infection (22, 23) and carrageenan-induced lung inflammation (58) in mice. Genomic control of early Tnf induction by E3 may, therefore, be an important mechanism for protecting against severe IAV disease. In addition to Tnf, we identified 32 other inflammatory genes that were broadly upregulated during acute IAV infection and differentially regulated by E3 treatment. Unlike Tnf, however, these genes have not been reported to contain EREs in their promoters, and differential expression of these factors was more likely to have been mediated through nongenomic mechanisms. Studies using human peripheral blood mononuclear cells showed that E3, to a greater degree than E2, regulated production of proinflammatory cytokines, including TNF, IFNg, and IL-10, through inhibition of the nuclear transcription factor, nuclear factor kB (59). Collectively, these data suggest that the activity of E3 in the lungs is mediated through both direct and indirect mechanisms to reduce cytokine and chemokine induction following IAV infection. Future studies in vivo should be aimed at differentiating the effects of E3 from E2 and combined estrogen treatment on the pulmonary transcriptome.
Based on our transcriptional analysis, the effects of E3 on gene expression in whole lung following IAV infection appeared to be broadly anti-inflammatory, with E3 treatment significantly attenuating the induction of 33 of the 36 genes that were upregulated in placebo-treated females at 5 dpi. These included the genes encoding for IL-6, CCL2, CCL4, CXCL-9, and CXCL-10, which are associated with pathogenicity and mortality in humans infected with H1N1 IAV (60) . Pulmonary inflammation following IAV infection is initiated by both hematopoietic and nonhematopoietic resident cell populations and then further propagated and shaped by the recruited immune cells. Each cell population in the lung has a variable expression pattern of ERs and thus a different response to IAV infection; although immune cells are reported to express and respond to estrogens primarily through ERa (7), pulmonary epithelial and endothelial cells signal primarily through ERb (61, 62) . Owing to this variability, along with the complexities of ER signaling within a cell, different cell populations within the lungs are likely to respond to E3 treatment in diverse ways. In the current study, the transcriptional profiles of hematopoietic and nonhematopoietic cells in the lungs during IAV infection were different, with hematopoietic cells being overall greater contributors to proinflammatory cytokine and chemokine induction. Moreover, although E3l affected gene expression in both hematopoietic and nonhematopoietic cell populations, it had different and sometimes opposing effects with respect to certain genes. For example, E3 reduced the expression of Cxcl9 in hematopoietic but not in nonhematopoietc cells, and E3 reduced the expression of Cxcl11 in nonhematopoietic cells but not in hematopoietic cells. The significance of this dichotomous gene regulation in the context of IAV infection is unclear; the CXCL9, CXCL10, CXCL11 axis, however, is important for selective T-cell recruitment and shaping the balance of CD4+ T-cell subsets in the context of autoimmune disease (63) . Additional mechanistic studies will be useful for determining if similar mechanisms mediate T-cell skewing in the lungs during IAV infection.
Despite global dampening of the inflammatory transcriptome in whole lung, E3 mediated selective induction of certain genes, including Cxcl1 in nonhematopoietic cells. CXCL1 is important for chemotaxis of neutrophils, and its heightened expression in E3-treated females may underlie the greater numbers of pulmonary neutrophils observed in these animals at baseline. Although the role of neutrophils during IAV infection is controversial, recent studies have identified a subset of neutrophils that are responsible for T-cell suppression and can reduce influenza disease in mice (64) . Furthermore, early recruitment of neutrophils to the lungs following IAV infection in mice can be protective (65) and is partially mediated through estrogen signaling (22) . Although it is known that neutrophils express both ERa and ERb (66) , how E3 may alter the phenotype and function of pulmonary neutrophils has not been reported.
In hematopoietic cells, E3 upregulated the expression of Ccl22, which is an important factor for selective T-cell homing, including Th2 and Treg subsets (67, 68) . Consistent with this, upregulation of Ccl22 in E3-treated females preceded the increase in proportions of Th2 and Treg cells in the lungs, which is congruent with the reported effects of estrogen-mediated induction of CCL22 at other mucosal sites (69) . Together, our data demonstrate variable activity of E3 across different cell lineages that collectively contribute to the inflammatory milieu in the lungs. Future studies should be aimed at determining how differential receptor expression between different cell populations influences the observed downstream effects.
One important phenomenon that remains unexplained by the data presented in this study is the association between E3, pregnancy, and IAV pathogenesis. E3 is a placenta-derived estrogen that achieves its highest concentrations during late pregnancy. Pregnant women, however, experience overall greater influenza disease severity compared with the general population, and it is estimated that women in their third trimester are three to seven times more likely to be hospitalized and twice as likely to die of IAV-associated disease (70, 71) . It has been hypothesized that high circulating estrogens during pregnancy mediate Th2 and Treg immune biases that are detrimental during viral infection (72) , resulting in impaired or delayed viral clearance. Several groups have tested this hypothesis in mice treated with exogenous E2 (73, 74) , but the results have been conflicting and inconclusive. Although these studies have confirmed that E2 modulates the local and systemic immune response, they have not definitively linked this immune modulation with heightened influenza disease, and most reports (22, 23, 73) have instead shown that E2 and the associated immune modulation are protective during influenza disease. To our knowledge, the current study is the first to characterize the effect of E3 on the pathogenesis of IAV infection, which corroborates related studies using E2. Although translation of observations in hormone-treated mice to pregnant women is complicated by species differences in the concentration and kinetic profile of estrogens during pregnancy, collectively, the literature suggests that estrogen-mediated immune modulation does not contribute to heightened IAV disease severity. It is also possible that other reproductive hormones (e.g., progesterone) that are similarly elevated during late pregnancy may mask or antagonize the protective effects of estrogens. Furthermore, other physiologic changes during pregnancy, including cardiopulmonary and metabolic changes, may also contribute to severe IAV disease. Moreover, other factors that influence IAV pathogenesis, including virus strain, preexisting immunity, or secondary bacterial infections, may have an impact on the effect of estrogens and should be considered in future studies.
As the roles of estrogens in modulating immune response have been characterized in the context of several different infectious and noninfectious inflammatory diseases, it is becoming clear that the activities of estrogens underlie some of the differences in disease incidence and severity between males and females. The mechanisms of various estrogens on disease pathogenesis have proven multifactorial and tissue dependent, but the predominant effects are mediated through immunomodulatory mechanisms. Targeting of estrogen signaling pathways has therefore gained traction as a promising therapeutic avenue for treating autoimmune inflammatory disease, for which estrogens and selective ER modulators are currently being developed and tested as investigational new drugs (14, 75 ). Here we have described a comprehensive study of the effects of exogenous E3 in the respiratory tract during IAV infection and demonstrate a therapeutic role for E3 in mitigating virus-induced immunopathology in the lungs that is mediated through similar mechanisms as those described for other inflammatory disease processes. Despite significant immune modulation, however, E3 did not interfere with viral control and clearance, which is important for individuals currently receiving E3 through HRT or otherwise. Together, these data suggest that E3 may have broad therapeutic potential in the context of both infectious and noninfectious inflammatory disease.
